The examination results of the gelatinization of nitrocellulose gunpowders, stabilized by different stabilizers are described in this study. The microstructure of gunpowder samples of different chemical compositions is analyzed by the scanning electron microscopy (SEM). Apart from the three-dimensional picture of morphology and the effect of the molecular dispersion of stabilizers into the nitrocellulose matrix, the information on chemical composition of the surface of gunpowder grain was obtained by the use of energy-dispersive X-rays spectrometry on SEM (SEM/EDX). The aim of the research was the comparative analysis of three different gunpowder samples, and the estimation of the effect on the gelatinization of nitrocellulose by different stabilizers was performed including their separate influences on the chemical stability of gunpowder. The comparative analysis is based on the degree of homogenous dispersion of each stabilizer in the matrix, which has the significant positive influence on the stability of gunpowder.
Introduction
The capability of gelatinization is the basic condition necessary to use nitrocellulose (NC) in the production of explosives and gunpowders. Dry NC which is not gelatinized is a dangerous explosive, sensitive to friction and impact. By gelatinization of NC, the structure of a certain viscosity is obtained, and it can be shaped into grains of various dimensions, shapes, density, mechanical and ballistic properties by pressing and heating. The obtained substance burns rather slowly, controlled and in parallel layers. The stabilizer contained in gunpowder has a specific influence on the chemical evolution of gunpowder as a basic acceptor of nitrogen oxides produced by the decomposition of nitrocellulose [1] [2] [3] [4] .
The process of gelatinization is carried out by mixing the gelatinizing agent into the molecular network of nitrocellulose at high temperature with a mechanical treatment. During the process, crystal parts of the nitrocellulose structure are destroyed causing the weakening of the intermolecular forces which provide the swelling of the substance, so that the slipping of nitrocellulose chains is facilitated [5] .
In order to gelatinize NC, the substance has to possess the capability of the surface interacting with NC molecules with no chemical reaction. The most widely used gelatinizing agent for the single-base gunpowder is the mixture of diethyl-ether and ethanol, and for the double-base gunpowder it is one of the active nitro esters (NG-nitroglycerine and DEGDN -diethylene glycol dinitrate) or inert plasticizers (phthalates, triacetates, etc.).
Based on the well-known fact that solvents and gelatinizing agents are polar substances (nitro esters or substances containing the carbonyl group), the assumption was made that during gelatinization NC and a gelatinizing agent form dissociative compounds [1] . This hypothesis was confirmed by the acidic character of NC, contrary to the basic character of active oxygen in solvents and plasticizers. The acidic character of NC originates from the hydrogen atom bound to carbon that carries -NO 2 , the wellknown electron-acceptor. of its structure. In this case, the gelatinizing agent in the electron-donor and NC is the acceptor through its OH groups.
Nowadays, in order to improve the gelatinization process, the stabilizers which also act as gelatinizing agents are widely used. For this purpose, it is necessary for the stabilizer to be dispersed inside the nitrocellulose matrix as well as possible, well soluble in NC matrix [6] .
Recently, a group of aromatic compounds already used as gunpowder components showed the ability of reacting with nitrogen oxides, acting as stabilizers. Nitrogen oxides, formed during the thermal decomposition of nitrocellulose or by storage in a warehouse have an autocatalytic action on further decomposition of NC, i.e. contribute to the instability of gunpowder in the course of the period of storage. In order to improve the product stability, it is necessary to add the organic compound capable of preventing, to some extent, the NC decomposition process called stabilized. This kind of stabilizer, considered as the "secondary stabilizer" up to date, as they diminish actual decomposition effects. The introduction of the term "primary stabilizers" is currently in process, and it refers to the compounds which have the ability to prevent, stop or slow down the thermal decomposition of nitrocellulose [7] .
With the aim to confirm the above described knowledge and to obtain deeper insights into the process of nitrocellulose gelatinization, the examination of the microstructure of different samples of nitrocellulose gunpowders was performed. The investigated samples were stabilized by three kinds of agents: Diphenylamine (DPA), Ethyl Centralite (EC) and Akardite II (AK II).
Experimental
The examination of the microstructure of the gunpowder samples containing different stabilizers was done using the scanning electronic microscopy (SEM). The samples were previously prepared by mechanical grinding to the grains of the surface size of about 10 to 15 mm 2 . SEM analysis was performed by using the scanning electronic microscope JEOL JSM 6610 LV, with the spectrometer X-Max, Oxford Instruments, a detector surface of 20 mm 2 , working strain 0,3-30 kV and with the wolfram wire as the electron source [8] . The samples, previously cleaned of dust, are placed on the carrier. Taking into account that the analysis is performed under the electronic beam, the examined material is made conductive in order to be used as a cathode so that there no accumulation of charge and overheating of the samples will occur. As gunpowder is rather a weak conductor, each sample is coated with a thin layer of gold (gold coating) with the thickness of 5 nm. Gold coating is carried out also because it gives a better contrast on the recorded image than carbon, which is also used, and therefore the more detailed image is obtained. The focused beam of fast electrons of electronic microscope slides over the sample surface scanning it, and it gives the three-dimensional image of the surface morphology, as well as the information on the chemical composition of the examined part of the surface. As a consequence of the interaction of the primary electronic beam and the sample surface, different kinds of photons and electrons are emitted. By measuring the properties of these particles (direction, energy, wavelength), the information on the sample are gathered.
During the examination of the gunpowder samples, the technique of secondary electrons detection was used. These electrons are emitted by the K-orbital of gunpowder atoms due to non-elastic collisions of the focused electron beam with primary electrons [9] . The energy of secondary electrons is considerably low (≈5eV), and only those on the sample surface can reach the detector. The yield of secondary electrons also depends on the surface slope which is used to determine the morphology of the surface sample. The registered signal is converted into a digital form and it gives the three-dimensional image. The sample also electrons emit X-rays while returning from the excited to the ground state, which represents the basic method of energetic X-rays dispersion (Energy-Dispersive X-Rays Spectroscopy, EDX), possible only inside the electronic microscope. The emitted X-rays are analyzed and the data about the chemical structure of the sample surface are obtained, based on the fact that they are characteristic for every chemical element. When an X-ray hits the detector, the weak current is formed by the emission of electrons from the semi-conductor of the detector. By measuring this current that every X-ray produces, the X-ray energy is determined. As the output information, the EDX spectrum is obtained and it presents the number of X-rays detected on a specific energy.
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Results and discussion
SEM characterization and EDX analysis
The results of the performed SEM and EDX analyses are as follows.
Sample NC-37 The signals from the gunpowder samples were collected so that the insight into the position/distribution of the gelatinization agent on the carrier can be obtained. In that way, from the results of secondary electrons (SE) and backscattered electrons recordings, EDX spectrum and the table of the results of the quantitative chemical analysis were obtained.
The morphology of the samples was deduced and presented by SEM images (Figures 4, 5, 8, 9 , 12 and 13), obtained by the voltage combination of 10 kV -15 kV.
It can be observed that the sample EM2, containing Akardite II as a stabilizer possesses the most compact microstructure. In other words, the highest degree of the homogenous dispersion of a stabilizer in the NC matrix. The stabilizer named Ethyl Centralite also shows a considerable dispersion level, but not as good as Akardite II. Sample NC-37, where NC was treated by diphenylamine has the lowest degree of stabilizer dispersion, which points to the conclusion that diphenylamine stays on the surface of nitrocellulose. Contrary to that, Akardite II and Ethyl Centralite pierce into the matrix, which shows they are soluble by NC.
The map distribution of selected elements (X-ray mapping) on the specific surface of each gunpowder sample is shown in Figures 6, 10 and 14 . The choice of the number and sort of elements, each of them marked with the appropriate color, enables the overview on the homogeneity/heterogeneity of stabilizer dispersion. The prevailing colors represent the most widely spread elements on the chosen surface of the examined gunpowder sample -carbon, oxygen and nitrogen. Sulfur, potassium, iron and gold are present in smaller percentage, which confirms the theoretical chemical composition. The most homogenous sample is EM2, (containing Akardite II), followed by the sample 5/12, while the sample NC-37 containing diphenylamine stabilizer is proved to be the least homogenous. The obtained EDX spectra ( Figures 7,11  and 15 ) have confirmed the purity of all examined samples. Y axis on the EDX spectrum represents the energy of the X-rays in keV, and the peak positions establish the presence of chemical elements, in other words, the results of the quantitative chemical analysis. X axis shows the peak intensity (in impulse counts) depending on the specific element concentration.
As for the sample 5/12 EDX, the spectrum is obtained based on the mostly abundant elements (carbon, oxygen, nitrogen), while for samples NC-37 and EM-2 also less abundant elements are taken into consideration (potassium, sulfur), but not those derived directly from the gunpowder mass (gold, iron). The quantitative chemical analysis (Tables 1-3 ) is based on the X axis values of the EDX spectrum, which are directly related to the concentration of the present elements. The presented data refer to the concentration as mass parts of separate elements from which K-orbitals emitted secondary electrons, due to non-elastic collisions with primary beam electrons.
Conclusions
The effect of the gunpowder stabilizers used in this research is determined by a range of factors. However, the ability of a stabilizer to gelatinize nitrocellulose holds an especially significant place among them. The most often used stabilizer, namely diphenylamine, reacts at the surface with nitrogen oxides when they appear. During their migration from the place of formation inside the NC matrix to the surface, the part of produced nitrogen oxides and free radicals already negatively influence the matrix and catalytically force further decomposition, so that the stabilizer on the surface does not react with them all.
Being able to penetrate into the NC matrix and create a homogenous intermolecular dispersion, in other words gelatinization, makes Akardite II a very efficient stabilizer. It reacts with the traces of nitro and sulphonyl groups that came from nitric and sulfuric acid in the NC production, and prevents the forming of oxides. All this points to the fact that Akardite II can be a successful replacement for diphenylamine as a stabilizer. Besides that, the presence of substances that act as quality gelatinizing agents, slow down the degradation of NC therefore removing the need for a secondary stabilizer (diphenylamine and derivatives).
As the gelatinization of a stabilizer at room temperature is an important factor for gunpowder stability, it is explained why many methods for predicting the necessary stabilizer quantity suggested too high values of gunpowder lifetime [10] [11] [12] [13] [14] . Those methods are based on the regression analysis from the results obtained at high temperatures, considerably above the melting point of a stabilizer [15, 16] . Any kind of a stabilizer is much more efficient in a liquid phase, and that is the reason for the difference between the calculated and experimentally determined lifetimes.
Different sorts of gunpowder were compared in this research with the aim to obtain the generalized picture.
